Presented here are observations that demonstrate how the deformation of millimetric cavitation bubbles by a uniform pressure gradient quenches single collapse luminescence. Our innovative measurement system captures a broad luminescence spectrum (wavelength range 300-900 nm) from the individual collapses of laser-induced bubbles in water. By varying the bubble size, driving pressure and the perceived gravity level aboard parabolic flights, we probed the limit from aspherical to highly spherical bubble collapses. Luminescence was detected for bubbles of maximum radii within the previously uncovered range R 0 = 1.5-6 mm for laser-induced bubbles. The relative luminescence energy was found to rapidly decrease as a function of bubble asymmetry quantified by the anisotropy parameter ζ, which is the dimensionless equivalent of the Kelvin impulse. As established previously, ζ also dictates the characteristic parameters of bubble-driven microjets.
I. INTRODUCTION
As a cavitation bubble undergoes a spherical collapse, it compresses its enclosed gaseous contents and -presumably -adiabatically heats them to temperatures of several thousands of degrees, which results in light emission called luminescence [1] . The drive to investigate luminescence comes from the intense energy focusing at a bubble collapse that provides a catalytic host for unique chemical reactions [2, 3] , offering a potential for cancer therapy [4, 5] , environmental remediation [6, 7] and fabrication of nanomaterials [8, 9] . While most past studies have researched sonoluminescence, that is, luminescence from acoustically driven bubbles, light emission has also been detected from hydrodynamic cavitation in engineering flows [10, 11] .
Due to the occurrence at the last instant of the collapse, the redistribution of the bubble's energy into luminescence, as well as shock waves, microjets and elastic rebounds (see introduction in Ref. [12] ), must be highly sensitive to the topological changes of the cavity volume during the final collapse stage. This represents an important feature, considering that any anisotropy in the pressure field of the surrounding liquid will result in a deformation of an initially spherical bubble, inducing a microjet that pierces the bubble and therefore making it undergo a toroidal collapse [13, 14] . The level of compression of the bubble gases is reduced for even slight bubble deformations, manifested in the weakening of the collapse shock wave emissions [15, 16] . Indeed, luminescence has been shown to vary with the proximity of near surfaces that break the spherical symmetry of the bubble [17] [18] [19] . It has also been shown that the lack of buoyancy enhances the energy concentration at the final stage of the bubble collapse [20] , even for bubbles that are highly spherical and generally assumed not to by a chemical reaction in a free fall tower [27] . Moreover, luminescence spectra from small bubbles (maximum radius R 0 < 1 mm) show a smooth continuum similar to a blackbody, while spectra of luminescence from large, laser-induced bubbles (R 0 > 1 mm) and multibubble sonoluminescence (MBSL) have shown emission lines of excited hydroxyl (OH − ) bands at 310 nm [19, 28] that has been associated with aspherical bubble collapses. It is unclear, however, to what extent the spectral differences in these distinct scenarios are caused by physical or experimental reasons, and a systematic picture of the role of pressure field anisotropies -and the resulting bubble deformation -on luminescence is still lacking.
This work presents observations on the luminescence of initially highly spherical, millimetric bubbles collapsing at different levels of deformation caused by the gravity-induced uniform pressure gradient. We probe the transition from toroidal jetting bubbles in controlled pressure gradients to highly spherical bubbles in microgravity and cover a broad in an acoustic field. It also differs from the averaged SCBL, from luminescence of gas bubbles and from bubbles in liquids doped with noble gas.
II. EXPERIMENTAL SETUP Figure 1 shows a schematic of our experiment. We generate highly spherical bubbles by using an immersed parabolic mirror to focus a Q-switched Nd:YAG laser (532 nm, 8 ns) in the middle of a cubic test chamber filled with demineralized water. The water is initially partially degassed to remove large bubbles from the container boundaries, but we presume the water to be mostly air-saturated. The bubbles are so spherical that the dominant pressure field anisotropy deforming the bubble is the gravity-induced pressure gradient [12] .
Furthermore, owing to their high sphericity, these bubbles do not suffer a fission instability,
i.e. bubble splitting [23, 29] , during their collapse, allowing very large bubbles to compress their enclosed gases efficiently and luminesce in the absence of external perturbations. We obtain the bubble's maximum radius R 0 by measuring its collapse time T c (i.e. half oscillation time) of the bubble with a needle hydrophone, which detects the passage of the shock waves being the static pressure at the height of the bubble and p v the liquid vapor pressure) and ρ is the liquid density. It is considered unnecessary to correct this relation for the bubble's asphericity as the deformations in this work remain weak. The temperature of the water is recorded with a thermistor and kept at room temperature (294.2±1 K), and p v is computed for each bubble individually using the Antoine equation. Simultaneous visualizations of luminescence, the radial evolution of the bubble and the shock wave emission are made with an ultra-high-speed CMOS camera (Shimadzu HPV-X2) filming at 10 × 10 6 frames/s (fps)
with an exposure time of 50±10 ns and a back-light LED.
The time-averaged luminescence spectrum from a single bubble collapse is captured in the dark by a spectrometer (Ocean Optics QEPro, exposure time 8 ms). The light emitted during the bubble collapse is collected using a second, aluminum-coated immersed parabolic mirror that reflects it through a fused silica-window (for UV transparency) onto another parabolic mirror outside the test chamber. We chose aluminum-coated mirrors for their good UV reflection quality. The external mirror focuses the light through a laser-blocking filter onto the entrance of the optical fiber that leads to the spectrometer. Without the filter the laser would saturate the measured spectrum despite the spectrometer being triggered only after the bubble generation.
The luminescence spectrum is simultaneously measured by a second high-speed camera as recorded by the CCD sensor (middle) and the corresponding raw spectrum obtained from the pixel intensities of the image (bottom).
(Photron SA1.1) that has a CCD sensor (in place of the CMOS camera). It is equipped with an astronomy-quality diffraction grating lens (RSpec, Star Analyzer SA-100) and films at 10 5 fps with an exposure time of 10 µs. The reason for using the CCD over the CMOS camera to measure the spectrum is that it guarantees the luminescence to be fully contained in its exposure time, which the latter cannot. The grating lens, placed between the camera objective and the CCD sensor, splits and deviates the light one or more diffraction orders located in a plane perpendicular to the grating lines, thus providing a spectrum on the sensor.
A schematic of the CCD light detection system is shown in Fig. 2 along with a typical measured luminescence signal. The reasons behind measuring the spectrum additionally with the camera are that it fills in the spectral gap in the spectrometer (∼ 500-700 nm) caused by the laser-blocking filter and, more importantly, corrects the intensity of the spectrum recorded by the spectrometer, which is affected by the bubble's migration away from the parabolic mirror's focal point. The bubble's displacement becomes important in particular at higher gravity levels for large bubbles that experience a strong Kelvin impulse [14] (i.e. the integrated momentum of the liquid during the growth and the collapse of the bubble [31] ).
Such a displacement can weaken the signal measured by the spectrometer, and therefore it is corrected using the spectrum recorded by the CCD. The CCD spectrum measurement is unaffected by the bubble's displacement as the luminescence spot stays within the image plane.
The optical path from the luminescence to the spectrometer includes 194 mm water, 6 mm fused silica, two aluminum-coated parabolic mirrors and the laser filter. To reach the camera's CCD sensor, the luminescent light travels through water, acrylic glass, a silver mirror, the camera lens and the grating lens. The wavelength-dependent transmissions of the various elements in the optical paths are shown in Fig. 3 . The calibration of the spectrometer detector and the absorption/transmission spectra of the various optical components were provided by their respective manufacturers. Water's absorption spectrum in the wavelength range of interest is found in the literature [32] . The spectrum measured by the high-speed camera with the grating filter has been calibrated in-house combining the transfer functions of the camera and the optical path using a thermal light source placed inside the test chamber at the location where the bubble is generated. This innovative luminescence measurement system allows for 1) the collection of substantial amount of light from the rapid, small and weak luminescence of a single bubble collapse, 2) the capturing of a wide spectrum from a single bubble collapse, including the UV, and 3) staying far from the bubble not to disturb its dynamics.
Time-resolved measurements of the luminescence pulse are made using the same optical path as described above for the spectrometer, but by focusing the light onto a high-speed photodetector (Thorlabs, DET10A/M Si detector) without a laser-blocking filter. The detector has a 1 ns rise time and is sensitive in the 200-1100 nm wavelength range. The photodetector signal is recorded by an oscilloscope (4 GHz bandwidth), which is triggered using the hydrophone signal of the collapse shock wave and by applying a 25 µs negative delay to account for the shock wave propagation over a distance of ∼ 37 mm to reach the hydrophone after the bubble collapse. and on the first Swiss parabolic flight. The interest in using the hydrostatic pressure gradient to deform bubbles is its uniformity in space and time, in contrast to near boundaries. This is an advantage in particular as it probes the influence of pressure gradients induced by any other inertial forces in addition to gravity. Moreover, any practical instant of a smooth pressure field can be approximated to first order by such a uniform pressure gradient, thus extending the scope of this study to any situation involving bubbles in anisotropic pressure fields [14, 33] . These variables yield a wide range of maximum bubble radii, R 0 ∼ 1.5-10 mm.
Such large bubbles present the advantage of easier resolution of the time and space scales associated with their collapse, in contrast to e.g. SBSL experiments. Additional details on the experiment and the parabolic flights may be found in Ref. [12] .
We account for the effect of bubble asphericity due to the gravity-induced pressure gradient through the anisotropy parameter ζ ≡ |∇p| R 0 ∆p −1 , which is the dimensionless equivalent of the Kelvin impulse [14, 31, 33] . ζ is varied by adjusting the maximum bubble radius R 0 , the driving pressure ∆p and the pressure gradient |∇p| (through variable gravity). Measuring at variable gravity allows for the decoupling of the roles of the driving pressure (∆p) and bubble deformation (ζ), which is important because the expression of ζ for gravity-induced deformation includes ∆p. The pressure field anisotropy caused by the nearest boundary in our experiment is considered with ζ = −0.195γ −2 (which represents the dimensionless Kelvin impulse for bubbles near boundaries [14] ), where γ is the stand-off parameter γ = s/R 0 and where s = 55 mm is the distance between the bubble center and the parabolic mirror. The resultant ζ is given by the vector sum of the respective directional ζ. We expect luminescence to vary with ζ, since an increasing ζ implies stronger bubble deformation which, in turn, affects the different events associated with the bubble collapse, such as microjets [14, 33] and shock waves [15, 16] .
III. SPECTRAL ANALYSIS IN VARIABLE GRAVITY
Selected images of high-speed movies visualizing luminescing bubbles of same energy E 0 collapsing at different levels of ζ at normal gravity are shown in Fig. 4 . The bubble interface, the luminescence and the sharp shock waves are captured in the same movie, owing to the short exposure time (50 ns). We observe a weakening of the luminescent flash for an increasing ζ. One may also see a pronounced deflection of light near the bubble wall in the frames preceding the luminescence, which is due to the pressure rise in the surrounding liquid predicted by Lord Rayleigh a century ago [30] . At ζ = 3.8 × 10 −3 there is no visible luminescence and the bubble's deformation is clearly manifested by the emitted shock wave(s) no longer being spherically symmetric.
The luminescence spectrum is well approximated by the blackbody model [23, 34, 35] , and since the bubble temperature cannot be directly measured, a fitted blackbody provides a reasonable estimation for it. The effective blackbody temperature and energy of luminescence can be inferred by fitting the spectra with a Planckian function of the form:
where λ is the wavelength, h and k B are the Planck and Boltzmann constants respectively, c is the speed of light, A is a constant prefactor determined from calibration, T lum is the blackbody temperature and I stands for the product of the luminescence pulse duration and We estimate the total luminescence energy E lum by assuming a uniform light emission in the solid angle of 4π. In this way, 6.7% of all the photons are expected to reach the calibrated spectrometer detector. We use as a reference a highly spherical bubble collapsing in microgravity, that is assumed to undergo no displacement from the focal point of the parabolic mirror. as a function of the maximum bubble radius R 0 for three different ranges of driving pressure ∆p. Only bubbles collapsing highly spherically (ζ < 7 × 10 −4 ) have been selected in order to exclude deformation-induced hindering of the luminescence, and the data include bubbles collapsing in microgravity. The maximum radii are within the range R 0 = 1.5-3.5 mm, which, to our knowledge, extend to the largest reported laser-induced luminescing bubbles collapsing freely and spherically in water. As expected, one may observe an increase of E lum with growing R 0 for a fixed ∆p, the tendency being consistent with the literature [17, 18, 29] .
In the literature, however, a decrease of luminescence energy for laser-induced bubbles with increasing maximum radii beyond R 0 ≈ 1.5 mm has also been reported [18] . This is likely attributed to the use of less point-like focusing methods (e.g. converging lens) that yield bubbles that are more disturbed in the collapse phase and cause e.g. bubble splitting [22, 29] , such disturbances being enhanced for increasing bubble radius. Bubbles with R 0 > 3.5 mm in our experiment are affected by the nearest surface, i.e. the parabolic mirror at a distance of 55 mm from the bubble center, which is accounted for in ζ.
For a given R 0 , a lower ∆p yields weaker luminescence, which is expected since E lum ∝ E 0 = (4π/3)R 3 0 ∆p [22, 36] . Figure 6 (b) verifies this relation, but still suggests slightly weaker luminescence energies for bubbles collapsing with a lower ∆p. This result is consistent with the past observation of more energetic luminescence from bubbles collapsing at higher static pressures for a fixed E 0 [36] . Bubbles at a low ∆p have a longer collapse time and thereby an increased surface area and interaction time, possibly yielding increased energy loss by thermal conduction or mass flow by nonequilibrium evaporation/condensation at bubble wall [36] .
The important scatter of our results is due to the limited reproducibility of the luminescence. We find the spectral intensities between individual bubbles in the same conditions to vary by approximately 45%, while the maximum bubble radii vary by less than 1%. These brightness fluctuations are likely related to the microscopic size of the luminescent plasma, which makes it highly sensitive to minor perturbations and easily obscured by nuclei and impurities in the water. It is evident that the gravity-induced pressure gradient quenches the SCBL energy. Surpris- ingly, on none of the raw spectra do we observe a prominent peak corresponding to OH − or other emission lines at any wavelength, even for the most deformed luminescing bubbles.
This could, however, be due to the limited wavelength-resolution of our apparatus.
To quantify the fraction of bubble energy dissipated into luminescence, we normalize the luminescence energy E lum to the bubble energy E 0 . We only retain the cases where luminescence is detected by both the spectrometer and the CCD camera. Note that the CCD signal helps correcting the spectrum of the spectrometer if the bubble moves out of the focal point of the parabolic mirror during its collapse. The dependence of the relative luminescence energy on the anisotropy parameter ζ is displayed in Fig. 8(a) . bubble for spherically collapsing bubbles [37] . Owing to microgravity, we are able to create large bubbles, which in normal gravity would be deformed, that collapse highly spherically at low ∆p and emit luminescence. Correspondingly, higher gravity levels allow us to stretch the 
range of ζ to higher values for a given ∆p. Up to the scatter, the data points exhibit a linear trend on a logarithmic scale as a function of ζ regardless of the gravity level. Luminescence is not detected by the spectrometer for anisotropy levels beyond ζ ≈ 3.5 × 10 −3 , which corresponds to the same Kelvin impulse at γ ≈ 7.5 for bubbles deformed by neighboring surfaces [14] . Note that we only obtain reliable fitted blackbody energies, which require the CCD signal, up to ζ ≈ 1.8 × 10 −3 (in Fig. 8(a) ), due to the poor signal-to-noise ratio of luminescence from more deformed bubbles. Figure 8 (b) displays our best-fit estimates of the bubble's blackbody temperatures as a function of ζ. We obtain reliable fitted blackbody temperatures, which only require the spectrometer signal, up to ζ ≈ 2.5×10 −3 . The temperatures fall in the range between T lum = 7000-11500 K which is in good agreement with previous laser-induced bubble luminescence studies, in which the temperatures from averaged spectra varied between 7680 K (close to a solid surface) and 9150 K (at elevated ambient pressure) [19, 22] . This range, however, is attributed to the important scatter (which is expected owing to the experimental and fitting errors) rather than a clear relationship with the governing parameters. The highly spherical bubbles with the highest luminescence energies do not exhibit higher blackbody temperatures than the luminescing deformed bubbles. This result is in disagreement with the observations of Brujan and Williams [22] who found the temperatures (estimated from averaged spectra) to decrease with decreasing distance between the bubble and a rigid boundary, that is, with increasing bubble deformation.
IV. TIME-RESOLVED MEASUREMENTS
The luminescence pulse duration for spherically collapsing laser-induced cavitation bubbles has been shown to be in the nanosecond scale and to scale with the maximum bubble radius R 0 . For example, for R 0 = 0.3 mm, the full width at half maximum (FWHM) has been measured as τ ≈ 3 ns [22, 29] , for R 0 = 1 mm, τ ≈ 6-8 ns [18, 22] and for R 0 = 1.8 mm, τ ≈ 10 ns [18] . Centimetric bubbles generated by a spark or expanded through a chemical reaction may luminesce for tens of microseconds [24, 27] . Owing to the high sphericity of the initial plasma generating the bubble, large bubbles in our experiment (R 0 > 2 mm) are able to collapse spherically without bubble splitting decreasing the efficiency of the final gas compression. We therefore expect the luminescence pulse durations here to exceed those reported in the literature for laser-induced bubbles. [18, 38] . Such multiple peaks are often randomly distributed in time with respect to the strongest peak, which, for the majority of cases, is the last event. While past research has suggested the pulse duration to increase for bubbles collapsing at higher pressures [22] and for bubbles deformed by a neighboring surface [18] , the direct roles of ∆p and ζ on the pulse duration in our results are unclear. In particular, luminescence durations at ∆p = 38 kPa seem to be outliers from the general trend, with FWHM remaining almost constant for R 0 = 3-5 mm.
Finally, a typical example of an ultra-high-speed CMOS camera recording of the luminescence is shown in Fig. 12 where luminescence events are visible in the visualization with a backlight illumination ( Fig. 12(a) ) and in the dark (Fig. 12(b) ) for a relatively deformed bubble. Figure 12(b) shows the luminescent flash in the dark in two frames and thereby implies that the total luminescence events duration here exceeds the interframe time of 100 ns, consistent with the photodetector measurements (see Fig. 11 (b) for R 0 ≈ 5 mm).
The images here likely only capture the beginning and the end of the light emission, while the peak intensity occurs between the images (the exposure time 50 ns only covers half of the interframe time). In fact, the CMOS camera systematically captures the luminescent flash in two or even three consecutive frames and occasionally gets saturated. We also observe an upward shift of the light spot in the images of Fig. 12(b) . This might be expected, because according to momentum conservation, most of the bubble's translational motion upon its nonspherical collapse occurs during its last collapse and early rebound stages, when the luminescence is emitted. The bubble centroid's upward displacement during the collapse is clearly visible in Fig. 12(a) .
V. DISCUSSION
The results presented here give insight on how the topological changes of the cavity volume from a spherical to a jetting bubble affect the degree of adiabatic heating. Luminescence has an appreciable sensitivity on even the finest pressure field anisotropies in the liquid caused by the gravity-induced pressure gradient. The threshold beyond which luminescence is no longer observed, ζ ≈ 3.5 × 10 −3 , is close to the limit where we start observing jetting bubbles in our experiment (ζ ∼ 10 −3 ), the latter however being a limit that is difficult to define with precision. Considering a bubble deformation by nearby boundaries yielding an identical Kelvin impulse (γ = (0.915ζ −1 ) 1/2 [14] , where, equivalently, γ = s/R 0 , s being the distance between the bubble and the boundary), the threshold at which we no longer detect luminescence here would be equivalent to a bubble collapsing at a distance of 7.5 times its maximum radius from the boundary. Such a limit is in disagreement with previous studies on luminescence from laser-induced bubbles deformed by near boundaries, where the equivalent limit is much lower, e.g. γ ∼ 3.5 in refs. [17, 22] (corresponding to ζ ∼ 0.016).
This discrepancy is possibly attributed either to different sources of deformations yielding different levels of gas compression, or to the sensitivity of luminescence on the initial bubble sphericity. The latter hypothesis is supported by our previous observation that the level of deformation at which a microjet visibly pierces the bubble and drives a vapor-jet during the rebound for bubbles deformed by near surfaces in our experiment (ζ ≈ 10 −3 or γ ≈ 14) is also significantly lower compared to the literature (typically γ ≈ 5) [14] . Likewise, we have recently measured the shock waves energy to start being sensitive to ζ at larger distances away from surfaces (γ ≈ 8 [16] ) compared to the literature (γ ≈ 3 [15] ). As mentioned earlier, lens-based bubble generation systems, in contrast to the use of a high-convergence parabolic mirror, produce bubbles with higher surface perturbations that are amplified during the last collapse stage [39] . Consequently, a potential microjet, which can be regarded as the lowest-order deviation from a sphere and is thus most effective at inhibiting the final gas compression, may be masked by more important, higher-order perturbations. This could make the bubble experience a collapse that perhaps more effectively compresses the gas and that is less susceptible to external factors, possibly even appearing spherical. This hypothesis is illustrated in Fig. 13 .
However, luminescence can also occur for jetting bubbles, as has previously been shown for bubbles deformed by a neighboring surface [17] , for acoustic cavitation bubbles in multibubble fields in xenon saturated phosphoric acid [21] and for xenon gas bubbles collapsed by a passing shock wave [40] . A possible reason for us not to observe light emission for bubbles that produced clear gravity-driven 'vapor-jets' upon rebound could be linked to the characteristic shape that the bubble assumes at the moment of the jet piercing. We shows the 1-mm scale. The microjet is directed downwards. Adapted from Ref. [16] .
have previously shown that, according to potential flow theory, the gravity-induced deformation yields a broad jet whose shape is highly similar to the one of the bubble wall it pierces [14] , and thereby the gas compression after the jet impact becomes particularly weak (see Fig. 13(b) ). In contrast, when the bubble is deformed by a neighboring rigid or a free surface, at certain ranges of ζ, potential flow theory predicts small vapor 'pockets' remaining between the jet and the opposite bubble wall upon first contact of jet onto it [14] , such as in the illustration of Fig. 13(c) . We have previously observed luminescence from the location at which the jet pierces the bubble wall for bubbles collapsing near a free surface, as shown in Fig. 14 (adapted from Ref. [16] ). This is due to the contact between the jet and the opposing wall being more irregular, which is characteristic to bubbles near free surfaces. The jet thus divides the bubble into multiple separate segments, one of which is a vapor pocket between the jet and the opposite wall that is individually able to collapse in an almost spherical way, which, in turn, yields an effective compression. This hypothesis is supported by our previous observations where such vapor pockets emitted strong shocks for bubbles near a free surface [16] . However, we are unable to temporally distinguish the jet impact from the individual collapses of the remaining bubble segments at a low enough ζ for luminescence to still be visible. It would be interesting in the future to study more thoroughly the effect of the bubble shape on luminescence by varying this shape by different sources of deformation (e.g. comparing different surfaces and gravity) in a single setup.
A surprising finding is that the spectroscopically estimated blackbody temperatures of luminescence barely vary with the different levels of bubble deformation (Fig. 8(b) ), while its energy varies by two orders of magnitude ( Fig. 8(a) ). We do not exclude the possibility that the scatter of the data, partly caused by the fitting error, hides a possible weak variation of the blackbody temperature with ζ. However, it could also be due to the fact that as the radiation power scales as T 4 lum , any attempt to increase T lum immediately results in an accelerated loss of energy by radiation. Another potential physical reason could be the presence of water vapor which increases the heat capacity ratio [1, 41, 42] . It has been shown numerically that sonoluminescent bubbles that have compression ratios beyond R 0 /R min ∼ 20, water vapor starts affecting the power-law increase of the maximum temperature with the compression ratio, finally asymptoting to T lum ≈ 10000 K [41] . It is difficult to measure the minimum bubble size in our experiment due to the luminescence and the light deflection caused by the pressure rise in the surrounding liquid 'hiding' the bubble at the last stage of the collapse (see images in Fig. 4) . However, when choosing the luminescent flash size as the minimum radius, we get compression ratios of R 0 /R min > 40, which is already in the regime where vapor affects the heating.
The noncondensible gas trapped inside the bubble plays a key role on luminescence emission. We believe the bubble contains 1) vapor, of which the partial pressure is assumed to stay at the liquid vapor pressure p v during most of the bubble's lifetime; 2) the lasergenerated gas (demonstrated in Ref. [43] ), which we assume to depend on the energy deposited by the laser to generate the bubble, that is, proportional to E laser ∝ E 0 ∝ R 3 0 ∆p; and 3) the diffused gas from the water to the bubble, which depends both on the total bubble surface during its lifetime, which is proportional to R 3 0 ∆p 1/2 , and on the diffusion-driving pressure ∆p. Each of these likely contribute to the noncondensible gas, which is difficult to measure directly. The laser-generated and diffused gas are both proportional to the bubble's maximum volume, while they may depend on ∆p to a different extent. A method has been proposed by Tinguely et al. [37] to estimate the initial partial pressure of the noncondensible gas p g 0 by fitting the Keller-Miksis model [44] to the observed rebound. Applying this method on the observed radial evolution of spherically collapsing bubbles at various ∆p in microgravity, we can estimate the variation of p g 0 as a function of ∆p. Our preliminary results find that p g 0 remains almost constant (p g 0 ≈ 4 Pa) for the range of ∆p covered here, deferring less than the standard deviation, as illustrated in Fig. 15 . Furthermore, the luminescence energy data obtained in this range of ∆p in Fig. 8 suggest that the bubble's deformation (ζ) is the dominant source of luminescence energy hindering rather than ∆p, even if a weak dependence on the latter may exist. Figure 6 , that shows luminescence energies as a function of the bubble energy at different ∆p, however, suggests some additional dependence of luminescence energy on ∆p. A systematic study with a controlled gas content of the water, preferably in microgravity to remove the effect of bubble's deformation by gravity, would be useful to clarify the effect of noncondensible gas on luminescence and on other bubble collapse phenomena.
Finally, it would be interesting to understand the physics behind the multiple luminescence emission events that are measured by the photodetector (Figs. 9 and 10 ). These peaks show considerable fluctuations in their number, amplitudes, shapes and timings. The timing of the strongest luminescence event with respect to the emission of the collapse shock wave is remarkably reproducible, varying by only ∼ 10 ns (Fig. 9) . The finding that larger bubbles emit more peaks than smaller ones is consistent with the literature, although the bubble sizes reported in the past were much smaller overall and multiple peaks were observed for bubbles with R 0 < 2 mm [18] . The discrepancy between our observations (single peak for R 0 < 3 mm) and the past literature is, again, likely due to the high initial sphericity of the bubble in our experiment. The multiple peaks could be associated with different hot spots that could be a result of an inhomogeneous bubble interior or bubble splitting, as suggested by Ohl [18] , which would indeed be strongly affected by the initial bubble sphericity. They could also be linked to plasma instabilities, to minor impurities trapped within the bubble or the potential formation of a 'hidden' (non-piercing) microjet, which is challenging to verify since the levels of deformations here are so weak.
VI. CONCLUSION
In this work, we have captured broad spectra of single cavitation bubble luminescence from individual collapses using an innovative measurement technique. We have measured luminescence from a previously uncovered range of maximum radii (R 0 = 1.5-6 mm) of laserinduced bubbles, thanks to their high initial sphericity. The bubbles were controllably deformed from highly spherical to jetting bubbles under the effect of the gravity-induced hydrostatic pressure gradient. The deformation was quantified with the dimensionless anisotropy parameter ζ, which was adjusted via maximum bubble radius, driving pressure and variable gravity aboard parabolic flights. We found a rapid decrease of the relative luminescence energy E lum /E 0 with ζ. No clear variation of the fitted blackbody temperature, which ranged between T lum = 7000 and 11500 K, as a function of ζ or the driving pressure was found.
The threshold of luminescence approximately coincides with ζ at which we start observing vapor-jets in our experiment. The light emission is found to be nonuniform in time for the most energetic bubbles, as multiple events are detected in the time-resolved measurements by a photodetector, while low-energy bubbles emitted single luminescence peaks. The luminescence events were found to occur in a time frame of 200 ns. The full width at half maximum of the averaged luminescence signal scales with R 0 and is generally on the order of 10-20 ns. Oliver Ullrich for the 1st Swiss parabolic flight. We thank Nicolas Dorsaz, Marc Tinguely
